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Infinite Horizon Problems on Stratifiable State Constraints
sets™

C. Hermosillaf H. Zidanit

Abstract

This paper deals with a state-constrained control problem. It is well known that, unless
some compatibility condition between constraints and dynamics holds, the value function has
not enough regularity, or can fail to be the unique constrained viscosity solution of a Hamilton-
Jacobi-Bellman (HJB) equation. Here, we consider the case of a set of constraints having
a stratified structure. Under this circumstance, the interior of this set may be empty or
disconnected, and the admissible trajectories may have the only option to stay on the boundary
without possible approximation in the interior of the constraints. In such situations, the
classical pointing qualification hypothesis are not relevant. The discontinuous value function
is then characterized by means of a system of HJB equations on each stratum that composes
the state constraints. This result is obtained under a local controllability assumption which is
required only on the strata where some chattering phenomena could occur.

Keywords. State constrained, infinite horizon problem, stratified systems, HJB equations,
optimal control.

1 introduction.

We are concerned with the optimal control problem of infinite horizon for trajectories lying in a
closed set K C RM. The main issue is to characterize the value function of this problem as the
unique solution to a HJB equation. More precisely, given a dynamic f(-,+), a nonempty compact
set A C R™, a Borel measurable function u : [0,00) — A and a point x € K we consider trajectories
Yz, () solutions to the differential equation

y(t) = f(y(t),u(t)) ae t>0
Do) y(0) =z,

which are feasible on the set K, that is,
(1) Yeu(t) €K, VE>0.
We denote the set of admissible control as

(2) A(z) = {u:[0,+00) = A| yp.(-) satisfies (1)}.
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Then, for some discount factor A > 0 and some running cost function £(-,-), the value function
related to this problem is

(3) v(z) := inf {/OOO e MUy o (1), u(t))dt

ueA(x)}.

In the case when K = R" and under standard hypothesis on the data, it is well known that
v(+) is a uniformly continuous function which can be characterized as the unique viscosity solution
to a HJB equation in that class of functions; see for instance [6].

When the control problem is in the presence of state constraints (K # RY) a state-space
constrained HJB equation can be associated with the value function as done in [31, 32]. In our
setting, the HJB equation takes the form

(4) A+ H(z,Vv)=0 in K,

where H(z,p) := max{—(f(z,u),p) —€(z,u) | u € A}. It is straightforward to check that the value
function satisfies (4) in the constrained viscosity sense, that means that v is a subsolution in int(K)
and a supersolution on K. However, it is complicated to prove the uniqueness of the solution to
(4). The main difficulty comes from the fact that the state-space HJB equation may admit several
solutions (in the constrained viscosity sense) if the behavior of the solution on the boundary is not
taken into account; see for instance the discussion in [12, 22].

One possible way to overcome the problem exposed above is to consider some compatibility
assumptions between the dynamics and the state-constraints. The most classical of these is called
the inward pointing condition (IPC). It was first introduced by Soner in [31, 32] for the case that
int(K) # 0 with smooth boundary and it has been object of subsequence generalization to more
general cases; see [22, 33, 16, 28, 19] among others. This condition basically says that at each point
of the boundary of K there exists a vector field of the system pointing into IC. Under this assumption
the value function is Lipschitz continuous and then uniqueness can be established. From the point
of view of the dynamical system, the IPC ensures the existence of the so-called neighboring feasible
trajectories which make possible to approximate any trajectory hitting the boundary by a sequence
of arcs which remain in the interior of K; see for instance [21, 9, 10]. We refer to [13, 26, 27]
for weaker inward pointing assumptions, and to [24, 25] for more properties and the numerical
approximation of continuous constrained viscosity solutions.

Another compatibility assumption of similar nature, called the outward pointing condition
(OPC), has been considered by [11] in the context of exit time problems. This assumption states
that each point of the boundary of K can be reached by a trajectory coming from the interior of
the set and it implies a certain monotonicity of the solution to the HJB equation which allows to
treat the case when the value function is discontinuous. Under this assumption, it is possible to
characterize the value function as the unique lower semi-continuous solution of a HJB equation; see
for instance [21, 20, 19].

Let us stress that all the works mentioned above assume the same compatibility assumption on
the whole boundary, that is, no mix type of pointing condition has been so far considered and, with
exception of [20], they all require that K has non-empty interior.

However, there are many control problems in which these compatibility assumptions are never
satisfied. For example, if we consider a mechanical system governed by a second order equation:

(5) i =¢,9,u) Y€ [aa b]v (S [Cv d]

using the transformation y; = y and y2 = ¢ we can rewrite system (5) as:

(6) (1) = () Omem) € o= fad] x e

y2 ylay27u)



It is clear that in this case, the direction of the vector field on {a} x (¢,d) and on {b} x (¢, d) does
not depend on the control nor in the initial dynamic ¢ but only on the sign of ys, and so, for some
values of y, the vector field will point into Ko and for others will point into R? \ Ko.

On the other hand, as mentioned before, the Pointing Conditions are sufficient hypothesis whose
main target is to approximate any trajectory of the control system by a sequence of trajectories (of
the same controlled dynamic) living completely in the interior of the constraints. This fact may
suggest that the right requirement may be the interior approximation of trajectories. Nevertheless,
it will automatically rule out cases where junctions are present, for example

Ki={zeRN 2% >2?+. . +2% .}

The previous example also illustrates the importance of considering the information passing
through the boundary in cases when the interior of the state-constraint is disconnected, in that
context the approach of stratification we propose here seems to suit well.

Furthermore, optimal control problems on networks as studied in [1, 2] (see also the references
therein) can also be seen as state-constrained problems, where the interior of the state constraints
set is always empty and where the junction plays an essential role.

In the general case where K is assumed to be any closed set of RY, and under some convexity
assumptions on the dynamics, the value function is lower semi-continuous and it can be character-
ized as the smallest supersolution to (4); see [14] for more details. In [3], it has been shown that the
epigraph of the value function v can always be described by an auxiliary optimal control problem
without state constraints for which the value function is Lipschitz continuous and characterized,
without any further assumptions, as the unique viscosity solution to a HJB equation. This approach
leads to a constructive way for determining the epigraph of v and to its numerical approximation.
It can also be extended to more general situations of time-dependent state constraints [18].

In this paper, we follow the same line of investigation as in [22, 12]. We aim at characterizing
the value function by a completed system of HJB equations. The proof used here is based on
nonsmooth analysis as in [33] where the notion of HJB equation is understood in the proximal
sense by means of the theory of weak and strong invariance. We investigate the characterization
of the value function for a class of control problems where the set of constraints enjoys a regular
stratification property (i.e, IC is a collection of strata of different dimensions; see section 2.2 for
a precise definition). Moreover, the discontinuous value function is characterized by means of a
system of HJB equations on each stratum of /C. This result is obtained under a local controllability
assumption which is required only on the stratum where some chattering phenomena could occur.

The paper is organised as follows: Section 2 presents the setting of the control problem and
the main results. Properties of the value function are given in Section 3. Some useful results on
invariance principles are given in Section 4. And finally the main results are proved in Section 5.

2 Setting of the problem and main result.

2.1 Notation.

Throughout this paper, R denotes the sets of real numbers, | - | the Euclidean norm on RY | B the
unit open ball {z € RY : |z| < 1} and B(z,7) = = + rB. For a set S C RV, int(5), S, bdry(9)
and co(.S) denote its interior, closure, boundary and convex hull, respectively. Also for S convex
we denote 1ri(S) and rbd(S) its relative interior and boundary, respectively. The indicator function
is given by 1g(z) =1if x € S and 1g(x) = 0 if it is not. The distance function to S is dists(z) =
inf{|xr—y| : y € S} and in the case the infimum is attained we call the set of solution the projections
of z over § and we denote it by projg(z). Let S; and Sz be two compact set, then the Hausdorff
distance is given by

dp(S1,52) = max { sup distg, (z), sup distg, (x)}
€S2 €S,



We adopt the convention that dg(0,0) = 0 and dg(0,S) = 400 if S # 0. For a given function
¢ : RN — R U {+oc}, the epigraph of this function is the set

epip = {(x,r) € RY xR 7> o(z)}.

Let M be an embedded manifold of RY, then T(z) stands for the tangent space to M at
x e M.

2.2 Stratified Systems and Hypothesis.

Consider the optimal control problem of infinite horizon:

inf / e MU (yp (1), u(t))dt
0
(P) v(x) = Ya,u (") solution to (Dy,.), vV e K,
You(t) €KL, VE>0,
u(t) € A measurable.

where A is a compact set of R™ and A > 0 is a given discount factor A > 0. We assume standard
hypothesis on the dynamic f and the running cost ¢. Namely, the dynamic f : RY x 4 — RY
satisfies:

(i)  f(-,-) is continuous on RY x A.
(i) Yue A, f(-,u) is locally Lipschitz continuous on K.
(#9¢) ey > 0 such that Vo € K-

max{|f(z,u)| : ve A} <cp(1+ |z]).

(Hy)

Let 2 € K and u : [0,+00) — A be a measurable control. By a solution to (D, ,) we mean an
absolutely continuous function y(-) that satisfies

y(t) == +/O f(y(s),u(s))ds for all ¢ > 0.

By (Hy), the solution is uniquely determined by = and w. Furthermore, the maximal (forward and
backward) solution can always be defined for positive times.

Remark 2.1. Note that, by Gronwall Lemma and hypothesis (H ), each solution to (D, ) satisfies
the following bounds:

L+ ly(@) < L+ [zhet > 0;
y(t) — 2| < 1+ |z)(e”" =1)  t=0;
[9(#)| < cp(1+ |z])e? a.e. t>0;

The running cost £ : RY x A — R is also continuous and satisfies:

(i)  £(-,-) is continuous on RV x A.
(i)  Yu e A, (-, u) is locally Lipschitz continuous on K.
(#i) Jeg > 0, Ag > 1 such that V(z,u) € L x A:

0 < l(z,u) < co(l+ |z|re).

(Hoe)

When dealing with integral cost, it is usual to introduce an augmented dynamics. For this end, we
define
B(r,z,u) = e [eg(1+ |z]M) — (z,u)] V(r,z,u) € R x K x A.



Then, we consider the augmented dynamic G : R x £ = R x R defined by

G(T,w){( f(@u) >' u€ 4, } Y(r,z) € R x K.

e ez, u) + 0<r<pB(r,z,u)

Tt is not difficult to see that by (H/) this set-valued map has compact and nonempty images. Also,
in all our analysis we will always suppose

(Hy) G(7,z) is convex for any (7,2) € R x K.

The class of control problems we are considering in this paper do not necessarily satisfy any
qualification hypothesis. Here, we require two principal assumptions. The first one is that the
state-constraints set admits a sufficiently regular partition into smooth manifolds or strata. More
precisely,

(Hy) K is a closed and stratifiable subset of RY,

that is, there exists a locally finite collection {M;};er of embedded manifolds of RY such that:
o K=U;cz Mi and M; N M; = () when i # j.
o If M; N M; # 0, necessarily M; C M;.

Remark 2.2. A network set as defined in [1, 2] can be considered as a particular case of stratified
sets. Indeed, in this case the stratification is very simple and consists in edges and junctions.

Remark 2.3. An important class of sets that admit a stratification as described above is the class
of polytopes in RN. In fact, these sets can be decomposed into a finite number of open convex
polytopes of the form:

- N | () = ag, k=1,...,n,
P—{xeR ‘<77k,$><ak, k=n+1,...,m

where 11, ..., Nm € RV.
Furthermore, the class of sets that admit a stratification is quite broad, it includes sub-analytic
and semi-algebraic sets and also definable sets of an o-minimal structure; see for instance [3/, 23].

The second hypothesis is related to the dynamics obtained as the intersection between the
original dynamic and the tangent space to each stratum M. For each index i € Z, let us consider
the compact-valued multifunction A; : M; = A given by

(7) Ai(z) :={ue A | f(z,u) € Tm,(z)}
Thus, we assume that the following also holds
(Hs) Each A; is locally Lipschitz on M; w.r.t. the Hausdorff metric.

Using an appropriated convention for the Hausdorff distance, this hypothesis allows to consider
the case when no tangential dynamic is defined, that is, when A; has empty image. In that situation,
(H,) states that A; has empty images all along M;.

Example 2.1. Consider the following dynamic:

()= (%), wedi= L1,y € [,
Y2 u
where the stratification of the state-constraints set is given by Figure 1. Here, the strata Mg
represents the interior of the square, and the rest of the stratification consists of edges and nodes
M;, fori=1,---,12. It is straightforward to check that (Hs) holds because Ag = A, A; = {0} for
i=1,...,4and Aj =0 fori=>5,...,12.

It is clear in this example that neither the IPC not the OPC condition is satisfied. In figure 1,
the green zone corresponds to the viable set, that it, the set of points for which A(z) # (.
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Figure 1: Stratification of Example 2.1.

Remark 2.4. Under assumption (Hs), the set-valued map A; can be extended by continuity up to
the boundary in such a way that (Hy) holds up to M;. For sake of simplicity, this extension is
denoted by A; as well and so, A;(x) for x € M\ M is well defined.

On the other hand, it is also convenient to introduce a backward augmented dynamic defined
for any (7,2) € R x M, as follows:

. _ f(l.7u) UEAi(iL'),
®) Gi(rz) = { (e”é(m,u) +7r) | 0<r<B(r,z,u)f"
It is not difficult to see that thanks to (Hy) and the definition of A;(-), the augmented multifunction
G; has convex compact images. These images would be nonempty if and only if A; has nonempty
images.

Finally, for technical reasons, an extra hypothesis of controllability on certain strata will be

required in order to complete the proof of the main theorem. For this purpose, we introduce the
set-valued map of tangents control to closure of each stratum:

) Aw)i={ue A | fla,u) e TE (@)},

where T%l (z) stands for the Bouligand tangent cone to M; at a point x € M; (see Section 4.1 for

more details) and A;(-) is the extended set-valued map defined previously in Remark 2.4. Then
the controllability assumption can be stated as follows:

Vj € Z, one of the following holds:
(Hs) i) VieT with M; C M, Ai(x) = Al (z) Vo € M;.
i) Ir; > 0 such that T, () NB(0,7;) C f(z, Aj(x)) Vo € M;.

Remark 2.5. The assumptions (Hs) and (Hs) amount saying that for any j € Z. whether the
set of viable or admissible trajectories is locally Lipschitz up to the boundary of any stratum close
to M; and of bigger dimension, or the controlled system is small time locally controllable on the
stratum M.

2.3 Main result.

As stated in the introduction, the main aim of this paper is to characterize the value function of the
infinite horizon problem in term of a bilateral Hamilton-Jacobi equation. This equation consists



principally in two part, one corresponding to the classical notion of supersolution and another
corresponding to a subsolution in a stratified sense.
Let us consider the (maximized) Hamiltonian H : K x RY = R which is given by

(10) H(z,() = max {—(C, f(z,u)) — l(z,u) | u € A},
and for each index i € Z we define H; : M; x RY = R, the restricted Hamiltonian to M;, by
(11) Hi(z,¢) =max {—((, f(z,u)) — (z,u) | u € A;i(x)}.

Definition 2.1. Let v : RY — R U {+oc} be a given function. We say that 1 has o-superlinear
growth on its domain if there exists cy, > 0 such that

[(2)] < ey(1+ |x])° Ve € dom 1.

Whence, the main result of the paper can be stated as follows:

Theorem 2.1. Suppose that (Hy), (Hi), (H2) and (Hs) hold in addition to (Hy) and (Hy).
Assume also that X > Acy (where Ny > 0 and ¢y > 0 are the constants given by (H;) and (Hy),
respectively). Then the value function v(-) of the problem (P) is the only l.s.c. function with
Xe-superlinear growth which is +0o on RN \ K and that satisfies:

(12) Av(z) + H(x, ()
(13) M(z) + Hi(z, )

>0 Vz e K, Y¢ € Opvu(x),
<0 Ve e M;, VC € 8P’Ui($), Vi € Z,

where v;(x) = viw) e Mz and Op1(-) denotes the proximal subdiffererential of a l.s.c func-
400 otherwise.

tion i (see Section 4.1 for more details).

Remark 2.6. Recall that when int(K) is a nonempty set, it is a smooth manifold of RN and
therefore, there is no loss of generality in assuming that it is one of the stratum, say My, of the
stratification of KC. In that case, Hy = H, and so, the constrained Hamiton-Jacobi equation proposed
by Soner in [71] is included in the set of equations proposed in Theorem 2.1.

Comments The idea of characterizing the value function by a system of HJB equations on whole
the domain K, including its boundary, appears already in the work of Ishii-Koike [22]. However,
in that paper the set A(x) is assumed nonempty everywhere on I, requiring in particular that the
viable set is whole the set /. Moreover, the result in [22] assume some restrictive hypothesis on K
and on the set-valued map = — A(x).

Let us also mention the work in [12] where it is shown that the HJB equation should be completed
by an additional information on the increasing property of the solution along trajectories lying on
the boundary. In the present work, we explicitly express the additional information in terms of
HJB equations on each strata. The regularity assumptions on the set K are quite general and allow
several situations that are not covered by the known literature. However, Theorem 2.1 requires a
new controllability assumption that is needed only on the strata where some chattering behaviour
may occur.

Let us point out that the main motivation for introducing (H3) relies in the property obtained
in Lemma 5.1. Indeed, this assumption is only a sufficient condition to ensure the conclusion of that
lemma. Clearly, there are many other cases where (H3) does not hold whereas the conclusion of
lemma 5.1 still holds as for instance in Example 2.1. Therefore, it should be noticed that the result
of Theorem 2.1 still holds if we replace (H3) by any other assumption that ensures the conclusion
of Lemma 5.1.



Finally, let us stress on that the notion of viscosity solution of HJB equation as stated in
Theorem 2.1 uses nonsmooth analysis tools. A reformulation of the main result of this paper could
be stated by using a l.s.c viscosity notion based on test functions as in [17, 8]. More precisely,
Theorem 2.1 is equivalent to say that v is the unique l.s.c. viscosity solution with A,-superlinear
growth of the HJB equation:

(14a) M(z) + H(x, Dyo(x))

0 Vr e I,
(14b) Av(z) + Hi(z, Dyv(z)) <0

>
< Ve e M;, Viel.

Here the l.s.c viscosity solution of (14) has to be understood in the sense given in the next definition.

Definition 2.2. Let u be a Ls.c function defined on RY with Dom u C K.
The function u is said a supersolution of (14a) if for every o € CY(K) and for every xo € K
such that uw — ¢ achieved a local minimum at x¢ on IC, we have:

Au(zo) + H(xo, V(o)) > 0.

Moreover, u is said a subsolution of (14b) if for every ¢ € C(K), with ¢ € CY(M;) fori € T,
and for every xo € M; such that uw — ¢ achieved a local minimum at xg on M;, we have:

Au(zo) + Hi(xo, Vio(z0)) < 0.

Finally, w is said a l.s.c viscosity solution of (14) if it is supersolution of (14a) and subsolution
of (14Db).

3 Properties of the Value function.

In this section we study the principal properties of the value function associated with the optimiza-
tion problem (P). In particular, we will show where the assumptions on the dynamics, the running
cost and the discount factor are used for.

Remark 3.1. Suppose that hypothesis (H;) holds, then by Remark 2.1 the value function (3)
satisfies the following inequality on its domain:

lv(z)| < / e Meg(1+ (14 |z Merertyat Vz € domw.
0

Therefore, if X > Aecy we obtain that the value function has Ag-superlinear growth on its domain,
that is, there exists a constant c,, > 0 such that

lu(z)| < co(1+ |z))  Va € domw.

3.1 Existence of optimal controls.

The next proposition is a classical type of results in optimal control and states that if the optimal
value of (P) is finite, then the control problem admits an optimal control.

Proposition 3.1. Suppose that (Hy), (Hy) and (Hy) hold, and that X\ > Necy. If z € K and
v(z) € R then there exists u € A(x) an optimal solution to (P).

Proof. Let x € K such that v(x) € R. This means that for every n > 0, there exists a control law
un, € A(x) and the associated trajectory y, solution of (D,, ) (with the initial condition y,,(0) = x)
such that y, (t) belongs to K for every t € [0, 00] and such that:

oo

(15) lim e MUy (1), un (1)) dt = v(z).

n—-+oo 0



Set zp (t) = £(yn(t), un(t)), then from Remarks 2.1 and 3.1 we obtain the bounds:

lyn (B)] < (14 |2])ecr* t>0;
(16) [ ()] < cp(1+ [a])ecs! ace. t>0;
|2 (£)] < co(1+ (1 + |$|)>‘£)€A“ft a.e. t>0;

Recall that A > Agc; and consider the measure dy = e *dt. Let W11([0,+00);du) be the
Soboloev space of functions z € L!(]0, +00); du) integrables for the measure du such that its weak
derivative z € L([0,+o0);dp)). Note that by (16) the sequences {y,} and {z,} are bounded in
Wh1([0, 4+00); du) and L ([0, +00); du), respectively. Whence, by Arzela-Ascoli and Alaoglu Theo-
rems, we derive that there exists a function y € WH1([0, +00); du) and a subsequence, still denoted
by yn, such that

yn converges uniformly to y on compact subsets of [0, 4+00),
In converges weakly to ¢ in L' ([0, +00); du).

See for instance [, Theorem 0.3.4]. Note that y(t) € K for every ¢t > 0

On the other hand, it is not difficult to see that {z,} is equi-integrable with respect to the
measure dyu, then by the Dunford-Pettis Theorem there exists a function z € L'([0, +00); du) and
a subsequence, still denoted by z,, such that z, converges weakly to z in L'([0, +00); dpu).

Let Go(z) = G(0,z) for every x € K, by (Hy), (H;) and (Hy), we have that G is locally
Lipschitz and has closed convex images. Then by the Convergence Theorem [4, Theorem 1.4.1],
we conclude that (y,2) € Go(y). Thus, by the Filippov selection Theorem (see Lemma 4.1), there
exists a measurable control u : [0, +00) — such that satisfies

y(t) = f(y(t),u(?)) ae t>0,  y0) ==
z2(t) = L(y(t),u(t)) a.e. t>0.

Finally, since y(t) € K for every ¢t > 0, u € A(z) and since ¢ = 1 € L>®([0, +00); du), we have

/ e Mz(t)dt = lim e Mz, (t)dt = v(z).
0

n—-+o0o 0

So, u is a solution to the problem. O

3.2 Lower semicontinuity

In contrast with unconstrained optimal control problems, the value function under presence of state
constraints is not in general continuous. However, thanks to the compactness of trajectories of the
augmented dynamic G it is l.s.c.

Proposition 3.2. Suppose that (Hy), (He) and (Hy) hold, and that A > Aicy. Then the value
function x — v(x) is l.s.c. on domA.

Proof. Let € dom A, then v(z) € R. Let {z,,} C KNB(z,1) be a sequence such that z,, — z, we
need to prove that

im i > .
i vlen) 2 o)

Suppose that there exists a subsequence, denoted equally, so that {z,} C dom A otherwise the
inequality holds immediately. Then, by Proposition 3.1 there exists an optimal control u,, € A(x,,).
Note that (16) holds with a possible larger constant. Whence, using the same technique as in
Proposition 3.1 we can prove that there exists u € A(x) such that

T s Y T
0(You(t), u(t))(t)dt < liminf 0y (), un(t))dt = liminf v(z,,).
/0 e Yea(), u(®)()dt < Hminf | emyn(t), un(t))dt = lim inf o)
Finally, using the definition of the value function we conclude the proof. O



3.3 Dynamic Programming Principle and consequences

It is well known that the value function satisfies the classical dynamic programming principle. In
this case, it states as follows: for any T > 0

T
(DPP) v(z) = inf {/O eiAtg(yac,u(t)v u(t))dt + 67/\Tv(yx,u(T)) fue A(I)} :

This principle include two different increasing properties along admissible trajectories of the
control system. Indeed, the two elementary inequalities that define (DPP) can be interpreted as a
weakly decreasing and a strongly decreasing principle, respectively. More precisely,

Definition 3.1. Let ¢ : K — RU{+o0} be a l.s.c. function, we say that ¢ is:

i) weakly decreasing for the control system if for all © € dom ¢, there exists a control u € A(x)
such that

(17) Nl + [ €N Uras) u(s)ds < o) Ve 0

i) strongly increasing for the control system if dom A C dom and for any © € K and u :
[0, +00) — A measurable we have

(18) e 0 (Yau(t)) +/0 e Uye,u(s),u(s))ds > p(z) Wt e[0,T),

where T :=inf{t > 0: y,.(t) ¢ K}.

The following definition and lemma are required to single the value function out among other
L.s.c. function.

Lemma 3.1. Suppose that (Hy), (H) and (Hy) hold, and that X > Xjcy. Let ¢ : K — RU {400}
be a l.s.c. function with Ag-superlinear growth. If ¢ is:

1. weakly decreasing for the control system, then v(z) < ¢(x) for all x € K.
2. strongly increasing for the control system then v(x) > @(x) for all x € K.

Proof. First of all, note that if A > Aycy, then for any function ¢ with A,-superlinear growth and
for any trajectory y(-) of (D, ) such that y(t) € dom ¢, we have that

(19) lim e Mop(y(t)) = 0.

t—+oo

Case 1. Suppose ¢ is weakly decreasing for the control system. Let = € K, if ¢ dom ¢ then
the inequality is trivial. Let 2 be in dom ¢, there exists a control u € A(z) such that for all n € N

o0
Nply) + [ e H (), 1)) Ly < ()
0
Therefore, by using the monotone convergence theorem, and by taking into account equation (19)
and the definition of the value function we obtain the desired inequality v(z) < ¢(z).
Case 2. Suppose @ is strongly increasing for the control system and let € K. Assume that

v(z) € R, otherwise the result is direct. Let 4 € A(x) be the optimal control associated with (P)
and denote by y = y, 5 the optimal trajectory associated with @. Then we have

eMoy(t)) + / e U(y(s), a(s))ds > p(x) V>0,
0

Then using again equation (19) and taking the limit of ¢ — 400 we conclude the proof. O
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In view of the previous comparison lemma we can state an intermediate characterization of the
value function of the problem in terms of the increasing principles of definition 3.1.

Proposition 3.3. The value function v(-) is the only l.s.c. function with \¢-superlinear growth
that is weakly decreasing and strongly increasing for the control system at the same time.

Proof. Recall that the value function satisfies (DPP). So, it is easy to see that v(-) is weakly
decreasing and strongly decreasing for the control system. The uniqueness is a direct consequence
of Lemma 3.1. O

4 Invariance and smooth manifolds.

Before entering into the details of the proof of the main theorem, we need to state and prove
some some fundamental results on proximal analysis which will be useful in the proof of our main
theorem.

4.1 Background in Nonsmooth Analysis and Smooth Manifolds.

We recall some basic notions in proximal analysis and cones. For a further discussion about this
topic we refer the reader to [4, 5, 15].

Let S C R¥ be a locally closed set and € S. A vector 1 € R¥ is called proximal normal to S
at x if there exists o = o(xz,n) > 0 so that

Wy >ty —a) wes.

The set of all such vectors n is known as the Prozimal normal cone to S at x and is denoted by
NZE (). This cone is a convex set and possibly contains only the zero vector of R¥.

For a lower semicontinuous function ¢ : R¥ — R U {+o0c} and a point z € dom ¢, the proximal
subdifferential is the set of vector ¢ € R¥ for which (¢, —1) € NJ; ,(z, ¢(z)). In such case we write
that ¢ € Opp(x).

The proximal subgradient inequality is the most common way to describe the proximal subdif-
ferential and states that ¢ € 9pp(z) if and only if 3o, > 0 such that

o(y) > o)+ ((,y —z) —oly — x> Vy € B(z,5) Ndom .
The Bouligand tangent cone to S at © € S, known also as the Contingent cone, is defined as

follows: d&
TE(z) = {v ERF: limint St@ ) _ o} .
t—0+ t

Let M be an embedded manifold of RY we denote by Tr((z) the tangent space to M at z € M.
In particular we have that Tﬁ(m) coincides with Ty (z) at any z € M.

4.2 Selections Theorems and trajectories of the controlled system.

The relation between open-loop control systems and differential inclusions is well understood
throughout the Filippov Selection Theorem. For sake of completeness we recall its statement
for parameterized set-valued maps, the proof can be found in [4] or [30].

Lemma 4.1. Assume U C R™ is a compact set and —co < a < b < +o0o are given. Let ¢ :
[a,b] x U — R¥ be a continuous function, and let v : [a,b] — R* be a measurable function. Suppose
that v(t) € ¢(¢,U) for almost all t € [a,b]. Then there exists a measurable function u : [a,b] — U
satisfying

~v(t) = o(t, u(t)) a.e. t € la,b].
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In the lemma, the selected control is only measurable, however a stronger version of this theorem,
known as the Michael Selection Theorem, says that the control can in fact be continuous. For an
exact statement of Michael’s theorem, we refer to [5, Theorem 9.1.2] for instance.

Lemma 4.2. Assume U C R™ is a compact set and —co < a < b < +o0o are given. Let ¢ :
[a,b] x U — R* be a continuous function with ¢(t,U) is a convex set for any t € [a,b], and let
7y : [a,b] = RF be a measurable function. Suppose that y(t) € ¢(t,U) for almost all t € [a,b]. Then
there exists a continuous function u : [a,b] — U satisfying

~v(t) = o(t, u(t)) a.e. t € la,b].

For future purpose, we require the existence of smooth functions which are locally backward
trajectories of the augmented dynamics G; given by (8).

Proposition 4.1. Suppose that (H), (Hy), (Ho), (H1) and (Hs3) hold. Let x € K and u, € A;(x).
Then there exist e > 0, a measurable control map u : (—¢,0] — A and a smooth arcy : (—e,0] = M;
with y(0) = z, ¥(0) = f(x,u,) and satisfying

1 0

i(0) = F(0),u) and  lim / e 0(y(s), uls))ds = £(x, uy).
t—0— t

Proof. Note that (f(x,u,),(z,u;)) € Gi(0,x), therefore, by the (H,) and (H;) and the Michael

Selection Theorem (see Lemma 4.2), there exists a continuous selection of G; denoted by g; such

that ¢;(0,2) = (f(x,us), €(x,u,)) and the differential equation

admits a solution which is smooth and such that (3(0), 2(0)) = ¢;(0, z). By Lemma 4.1, there exists
a measurable control u : (—¢,0] — A such that u(t) € A;(y(t)) a.e. t € (—&,0],

0
9(t) = fy(), u(t)) and  =(t) :/t e U y(s),u(s))ds,  Vte (~e,0].
Since 2(0) = ¢(x, u,) the conclusion follows. O

4.3 Invariance.

From the theoretical point of view, the proximal Invariance is a powerful tool for optimal control
theory because, in the unconstrained case, it allows to characterize the value function as a the
unique solution to an appropriated Hamilton-Jacobi equation by means of invariance concepts.
This theory has been studied by many authors; see for instance [15, Chapter 4] among others for a
more concise explanation.

Here we do not pretend to give a complete introduction to this subject but to present the
fundamental results we need in the forthcoming sections. We present a sort of local versions of
weak invariance and a suitable adaptation of strong invariance to embedded manifolds. The first
part is taken from [35] and the second is similar in spirit to the work exposed in [7].

Definition 4.1. Let S C R* nonempty, U C R* open and T' : RF = R¥ given. The system (S,T)
is called weakly invariant in U if for all x € SN U, there exists a U-trajectory v(-) which remains
in U on a mazimal interval [0,T) and that satisfies

¥0)=xz and ~(t)eS Vte|0,T).

A very useful characterization of weakly invariance can be stated in term of minimized Hamil-
tonians and proximal normals.
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Proposition 4.2. [75, Theorem 3.1(a) | Suppose S C R¥ is nonempty closed, U C R¥ is open and
I' : R* = R* is a multifunction satisfying:

i) T has convex and nonempty images on R¥ and S NU, respectively.
ii) T' has graph closed R* x R¥,
i) For each compact set K C R¥ there exists a constant cr > 0 so that

sup{|v|: z € K, veTI(z)} <cr.

Then (S,T) is weakly invariant in U if and only if

(20) H?(n)(n,@ <0 Ve e SNU, Ve NE(z).
vel(z

We now present a useful criterion for strong invariance adapted to smooth manifolds. This
proposition is similar to Theorem 4.1 in [7].

Remark 4.1. The statement of the next proposition is very close to the one of Theorem 4.1 in [7].
For the convenience of the reader, we give here a detailed and complete proof.

Proposition 4.3. Suppose M is an embedded manifold of R*, S C R* is a nonempty closed set
such that SN # O and T : M = R* satisfies:

YK C 9 compact ILp, cr > 0 so that:
(21) i) D(z) CT(y) + Lr|x — y|B, Vz,y e MNK.
ii)sup{|jv| : x € K, ve'(x)} <ecp.

Suppose that for all R > 0 there exists k > 0 such that

(22) :1;%) )(x — 5,0) < kdistg g7(2)? Vo e MNB(0, R), Vs € projg ().

Then for any R > 0 there exists k > 0 such that for any I'-trajectory lying on B(0, R) denoted by
v :[0,T] — 9 with v(t) € M on (0,T) we have

distg gz (v(t)) < e dists 57 (7(0)) vt € [0,T].

Proof. Let R > 0 and ~ as in the statement so that ([0,7]) C B(0,R). We denote by cr be
the corresponding bound for the velocities, x the constant of (22) associated with R, let Lr the
Lipschitz constant of I' on B(0, R) and C; > 0 such that

ax dist o (7(t)) < C
e di snm(V() < C1
Let ¢ > 0 and set o = 0, we construct inductively a partition of [0,7] in the following way:
Given t; € [0,T) take t;+1 € (¢;,T] as satisfying

1
tiv1 <t;+e and |’}/((1 — S)ti + Sti+1) - ’y(ti)| < L7€, Vs € [0, 1}.
T

Note that |[y((1 — s)t; + st) — y(t:;)| < er(t —¢t;) for any s € [0,1], so the choice of such ¢;41 is
possible. Moreover, we can do this in such a way it produces a finite partition of [0, 7] which we
denote 1. = {0 =t9 < t; < ... <t, < tpy1 = T}. Note that ||7.|| = max;—o,  n(tit1 —t;) < e.
For any i € {0,...,n + 1}, we set 7; = ¥(¢;) and choose s; € projg-s7(7i) arbitrary. Suppose first
that v(0) € M. We will show the inequality only for ¢ = T. For t € (0,T) it suffices to restrict the
partition to [0, ¢].
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Let s = 1;(s) := y((1 — s)t; + stiy1) defined on [0,1]. Whence, 9 is an absolutely continuous

function with ¥(s) = ((1 — $)t; + stiy1)(t;, — t;) a.e. s € [0,1]. Thus

1
Yirr — Vi = (tig1 — ti)/ (1 = s)t; + stit1)ds
0
On the other hand, since T is locally Lipschitz, we have that
P(v((1 = )t + stit1)) € T(i) + Lr[y((X — 8)t; + stipr) —y(t:)[B, Vs € [0,1].

By construction Lr|y((1—s)t; +st;11) —v(t;)| < e. Therefore, there exist two measurable functions
v; : [0,1] = I'(;) and b; : [0,1] — B such that

A((1 = s)t; + stir1) = vi(s) +ebi(s), a.e. s€][0,1].
Whence
dist g (Vit1)? < [vir1 — sl
= |7 = sl + 2(tip1 — i) /01<%' — 53, 0i(8) + ebi(s))ds + |yir1 — il
< (1+2(tig1 — ti)w)dist g g (1i)* + (i1 — t:)[2C1 + €f],

where this last comes from (22), the definition of b; and the choice of ;.
Let us denote o; = dist g-g7(7:) and §; = t;41 — t;. Then, using an inductive argument it is not
difficult to show that

O'fz-&-l < H(l + 251‘143)0'3 + 8[201 + 012“] Z H (1 + 2626)63
1=0 7=01i=j5+1
< (H(l + 2§in)> og +e2C1+ 21D 55 |-
i=0 =0

Note that N "
25j =T and H(l + 26;k) < €27
§=0 i=0

so we obtain
O’EL+1 < 62KT(03 +e[2Cy + c%]T).

Since oy, 11 = distg557(7(T)) and og = dist g557(7(0)), letting € — 0 we obtain the desired result.
Suppose now that v(0) ¢ 9. Then it is clear that for any § > 0 small enough the trajectory
¥ = 7|j5,1) satisfies the previous assumptions, so the inequality is valid on the interval [, T] for any
¢ > 0. Finally, since the distance function is continuous, we can extend the inequality up to ¢t =0
by taking limits. U

5 Proof of the main result.

In this section we present a characterization of the value function as the unique solution to a bilateral
Hamilton-Jabobi among a class of lower semi-continuous functions. This analysis is done in several
steps, first we show that a function is weakly decreasing for the control system if and only if it is a
supersolution to a Hamilton-Jabobi equation on K. Secondly, we show that if a function is strongly
increasing for the control system then it is a subsolution to a Hamilton-Jabobi equation on each
stratum M;. The final step and most technical consist in characterizing the strongly increasing
principle in terms of Hamilton-Jacobi inequalities on each strata that is component of K.

In particular, by gathering Proposition 5.1, 5.2 and 5.3 the proof of Theorem 2.1 follows easily.
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5.1 Weakly decreasing principle.

This principle states, as we mentioned above, that satisfying inequality (17) is equivalent to be
a supersolution to a Hamilton-Jacobi equation. The idea of the proof is quite classical and do
not require nothing but standing assumptions of control theory; see for instance [15, Chapter 4 |.
Nevertheless, we provide the proof for sake of completeness.

Proposition 5.1. Suppose that (Hy), (H;) and (Hy) hold. Consider a given l.s.c. function with
real-extended values ¢ : K — R U {400}. Then ¢ is is weakly decreasing for the control system if
and only if

(23) o(@) + H(z,Q) >0 Va €K, ¥C € Opp(a)

Proof. Let us first prove the implication (=).

Suppose ¢ is is weakly decreasing for the control system. Let z € K, if Opp(z) = 0 then (23)
holds by vacuity. If on the contrary, let { € dpp(x), then x € dom¢ and there exists u € A(z)
such that (17) holds. Let us denote y(-) the trajectory associated with the control u starting from
x at time t=0. By the proximal subgradient inequality we have that 3o, > 0 such that

p(y(1) = o(@) + (C,y(t) — x) — oly(t) — af* Vt€0,d).

Using that y(-) is a trajectory and (17) we get for any ¢ small enough

t
0

(1—eM)p(z) + / [(C, fy(s), u(s))) + Ly(s), u(s))] ds < oly(t) — x|
By (Hy) and (H;) we get

(1 —eM)

t

1
p(z) + n

t
0

/ (G, £z, us))) + Oz, u(s))] ds < h(t)

where h(t) is such that lim;_,o+ h(t) = 0. Therefore taking infimum over all © € A inside the
integral and letting ¢ — 0 we obtain (23).

Now, we turn to the second par of the proof («<). To prove that ¢ is is weakly decreasing for the
control system let us first show that (epit, I') is weakly invariant in U := (—p, +00) X int K, x R?,
where p > 0 is given, K, stands for K + B(0, p),

e Mo(z) + 2 ifreR, zek, zeR
400 otherwise ,

(T, x,2) = {

and I': U = RY*3 is the augmented dynamic given by
I(r,z,z,w) = {1} x G(7,z) x {0}.

Note that epiv is closed because ¢ is l.s.c. and I' has nonempty convex compact images
because of (Hy). Moreover, by (Hy) and (H,), I' is locally Lipschitz and satisfies the following
growth condition:

Jer > 0 so that sup{|v| | v € T(7, 2, z,w)} < ep(1 + |z| + e[z ).

Therefore, T' satisfies all the assumption of Proposition 4.2 and this can be applied (extending I" to
RN*3 as the empty set outside U). So, let us show that (23) implies (20), where S = epi ).

Let (1,z,2z,w) € SNU, then « € dom ¢. Consider n € Nf(T,x, z,w), since this is the normal
cone to an epigraph, we can write n = (£, —p) with p is nonnegative. Suppose p > 0 then w =
(r,x, z) and

%s € Op(r,1,2) C {=Ae N p(a)} x e M Opp(a) x {1}.
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Therefore, for some ¢ € Opp(z) we have

min  (n,v) < min  p{e N (=Ap(@) + (, f(@,u)) + L, u) + 7}
vel(T,y,z,w) u € A,
0<r < B(r,z,u)

< e pmin {~Xp(z) + (¢, f (2, u)) + (x,u)}
Whence, by (23)

min (,0) < e p (~Ap(x) — H(x,()) < 0.

vel'(T,y,z,w)

Suppose now that p = 0, then (¢,0) € N (7,z,2,9(r,z, 2)) and by Rockafellar’s horizontality
theorem (see for instance [29]), there exist some sequences {(7;,z;,2;)} C domp, {(&)} C RN*2
and {p;} C (0,00) such that

(8, 2%, 2Y) = (1,2, 2),

V(o 2Y) — (T2, 2),

(& pi) — (£,0),

I%& € Opip(rh, at, 2%).
Thus, using the same argument as above we can show

min{((&, —p:),v) | v € D(r, 4, 25, 9(7", 2", 2*))} < 0.

Whence, since I' is locally Lipschitz, we can take the liminf in the last inequality and since
(1,2, z,¢(1,y,2)) = T'(7, z, z,w), we obtain (20).

So, by Proposition 4.2, for every vo = (70,0, 20,wp) € S N U there exists a I'-trajectory
~y(t) = (7(t), y(t), z(t), w(t)) which lies in U for a maximal period of time [0,T), with (0) = 7o so
that

e Wp(y(t) + 2(t) < wlt) Vi e [0,T).

By the Filippov selection theorem, y(-) is a solution of (D, ) for some u : [0,7) — A. Also,
y(t) e domp C K, Vit € [0,T), so

fly(s),u(s) € TE (y(s)),  ae s€[0,T).
Moreover,

z(t) = /0 [e=Ml(y(s), u(s)) + r(s)|ds, with 7(s) > 0 a.e.

Take 79 = (0,x,0,p(z)) for any 2 € dom ¢, to conclude the proof we just need to show that

T = 400. By contradiction, suppose T' < 400, note that 7(t) = ¢, so by the structure of U we have

that y(¢) approaches to bdry K, as t — T~ and y(t) € K, V¢ € [0,T), which is not possible since
distpary ko, (Z) > p for any 7 € K. So the conclusion follows.

O

5.2 Strongly increasing principle.

This principle has the same nature than that of previous section in the sense that states that
satisfying inequality (18) is equivalent to be a subsolution to a Hamilton-Jacobi equation.
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Proposition 5.2. Suppose that (Hy), (Hy), (Ho), (H1) and (Hz) hold. Let ¢ : K — R U {+00}
be a l.s.c. function. Consider a given l.s.c. function with real-extended values ¢ : K — R U {400}
which is in addition strongly increasing for the control system. Then

(24) Ao(z) + Hi(z,() <0 Vo € M;, V(¢ € Opy;i(x),

where p;(x) = {gp(w) ifv €M

+oo  otherwise.
Proof. First of all note that ¢ € dpp;(z) if and only if 3o, > 0 such that
p(y) = p(x) + (¢ y — o) —oly —a|* Yy € B(,8) N M.

We only show (24) for any (i,z) € I x K such that z € dom dpp; N M; Ndom A;. Otherwise, the
conclusion is direct.
Let (i,z) € I x K as before and take u, € A;(x), it suffices to prove

(25) —Ap(z) + (¢ fz,ua)) +(z,uz) 20, V(€ Ippi(a).

Let u : (—¢,0] = A and y : (—¢,0] — M; be the measurable control and smooth arc given by
Proposition 4.1, respectively, where € > 0 is also given by this proposition. Let @ : [0,400) — A
be a measurable control map, then for all 7 € (0, ) we define the control map w., : [0, +00) — A as
follows:

a(t—7) ae te(r,+00).

(1) = {u(t —7) ifte0,7]

Let y,(-) be the trajectory associated with w, starting from y,(0) = y(—7). Clearly, y.(t) =
y(t — 7) for any t € [0, 7].

Note that inf{t > 0: y,(t) ¢ K} > 7 and since ¢ is strongly increasing for the control system,
we obtain

e p(a) + / " e MU(y(s — ), u(s — 7))ds > ply(—7).

Take ¢ € Opp;(x) and 7 small enough, so that the proximal subgradient inequality is valid.
Then

p(y(=7)) > p(x) + (¢ y(=7) — @) — oly(—7) — 2|
Whence,

(T oo+ 0 [ ety tonas + (0 2EEDY 2 0,

T

with lim,_o+ h(7) = 0. Therefore, by Proposition 4.1, passing to the limit in the last inequality
we obtain (25) and so (24). O

5.3 Characterization of Strongly increasing principle

In this section we prove the converse of Proposition 5.2 under an extra controllability assumption
(H3). As mentioned in section 2.1 (paragraph of comments), the most important consequence of
this hypothesis is the result stated in the lemma 5.1.

Let x € IC, let w : [0, 400) — A be a measurable control, and let y be the trajectory associated
with u. Assume that y(¢) belongs to K for any positive time. In the context of stratified systems
it is useful to define the notation

(26) Ji(y) ={t = 0: y(t) € M;}

for denoting the set of times for which the arc y(-) belongs to the stratum M.
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Lemma 5.1. Suppose that (Hy) and assertion (it) of (Hs) hold for some i € Z. LetT >0 be a
finite time and x € K. Let u : (0,400) — A be a given admissible control with its corresponding
trajectory y(-) solution of (D, ). Assume that y stays in K on [0,T] and consider the set J;(y)
defined in (26).

Then, there exists €9 > 0 such that for any b < a < b+ g9 with y(b) and y(a) in M;, there
exist ¢ > b, a map 7 : [b,a] — [b, ], and an admissible control @ : [b,c] — A such that if §(-) is the
trajectory of (D, ) associated with G starting from y(b), then

1. g(s) € M, for any s € [b, ].
2. y(b) = y(b) and y(c) = y(a).
3. T is piecewise smooth on [b,a] with

(a) 7' (s) =1 for a.e. s € [balNJi(y),
(b) 306, € (0,1) such that 7'(s) > & for a.e. s € [b,a]\ J;(y).
(¢) 310 = 70(T,x) > 0 such that sup,cp, 1 [I7(s)|| < 70.

4. u(7(s)) = u(s) for a.e. s € [byalNJ;i(y).

Proof. Let y(-) is the admissible trajectory fixed in the statement of the Lemma.
By assertion (i7) of (/3), there exist pg > 0 and g9 > 0 such that for any 6 € J;(y) N[b, a] with
b<a<b+eand any z € M; NB(y(0), po), with z # y(0), there exists 6, > 6, an admissible

control %, and its admissible trajectory ygge) starting from y(6) such that y;‘(ze)(s) € M, for every
s€10,0,] and yyﬁ(ze)(ﬁz) =z

Let 61 = sup{s € [b,a] : y(t) € M; Vt € [b,s]} be the first switching time of M; on [b,a]. If
01 = a the proof is direct. Suppose that 6, < a and take

0y = sup{s € J; N (11,a] : y(s) € B(y(61),p0)}

By the previous argument, there exists an admissible trajectory g : [91,52] — M, such that
g](ég) = y(02). If O < a, we can repeat the process and define f3 and so on. Now, by Remark 2.1,
Ok+1 — 0y is bounded from below by a constant which depends un x, T and py. Therefore, since
the interval [b,a] is compact, the process will eventually finish in a finite number of steps, so the
claim is proved. O

Now we are in position to state a result on the converse of Proposition 5.2.

Proposition 5.3. Suppose that (Hy), (H1), (H2) and (Hs) hold in addition of (Hy) and (Hp).
Let o : K = RU {400} be a Ls.c. function. If (24) holds, then ¢ is strongly increasing for the
control system

Proof. Let us set M; = R x M; x R? and let I'; : 9; = RY*3 given by

Fi(Taxa va) = {_1} X Gi(T’ '1:) X {O} ’ V(T,ZIJ, va) € S):nz
Note that 9; is an embedded manifold of RVN+3 and for any i € Z such that A; has nonempty
images, I'; satisfies the same assumptions as Gj.

Let S; = M; NS = epi(yp;) which is closed. Then if (24) holds we have

(27) sup  (n,v) <0 V(r,x,z,w) € S;, Vn € Né:(r, X, 2, W).

vel; (r,z,z,w)

Indeed, take (7,x,z,w) € S; and (£, —p) € ./\/éj (1,2, 2z,w). Therefore, we have p > 0 because S; is
the epigraph of a function. Suppose I';(7, x, z, w) # 0, otherwise the inequality is obtained directly.
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Consider p > 0, then, by Proposition 5.1, for any v € I';(7,z, z,w) we have, for some u € A;(z),
r>0and ¢ € Ipp(x )

(& =p).v) = p{e M (@) = (¢, fla, ) — Uz, u)) =7}

< pe M (Ap(@) = (¢, flw,u)) — Uz, u))
< pe” N (Ap(2) + Hi(z,¢))
<0

Since v € T';(7, z, z, w) is arbitrary we can take supremum and we obtain the desired inequality. For
the case p = 0 we can use the Rockafellar Horizontal Theorem and the continuity of I'; to obtain
(27).

Recall that T'; is locally Lipschitz, then (22) holds and so, in particular, by Proposition 4.3 we
have that for any index ¢ € Z such that dom A; # (), for any T';-trajectory ~ : [a,b] — 90; with
~(t) € M; for any t € (a,b), there exists L > 0 such that

(28) dist g5, (7()) < eLtdistSnﬁi (v(a)) vt € [a, b].

On the other hand, let z € dom¢ and u : [0,4+00) — A measurable. We want to show that
inequality (18) holds for y = y, ,(-). For this purpose we set

T :=sup{t >0: y(s) € K,Vs €0,¢]}.

If T = 0 there is nothing to prove, let us focus on the case T > 0.
Let v : [a,b] — K be a given arc, then we set Zj, 4)(v) = {i € Z: 3s € [a,b], v(s) € M;}. Note
that for every ¢ € [0, T, the set I[O,t]( ) is finite and

o= J .

i€Z10,41(y)

We split the rest of the proof into two parts:

Step 1. Suppose first that each J;(y) can be written as the union of a finite number of interval,
this means that there exists a partition of [0, ]

F:{O:togtlggtngtn-ﬁ-l:t}

so that if ¢ < #;, for somel € {0,...,n}, then there exists i; € Ty 4 (y) satisfying (t;,t141) C Ji, (y).
Thus, let [ € {0,...,n} be an arbitrary index such that ¢; < t;41 and ¢; as above. Let z; =
You(tir), Yi(s) = Yo u(tizr + 1t — s) and wi(s) = u(ty41 +t; — s) for any s € [tr, ti41].
Consider the arc

o(s) = (tz — o)~ [ Ul ), @(wz)> Vs € [t traa].

ty

Then, v(+) is a trajectory of I';, on [t;, t;4+1] which starts from v, = (0, 2;,0, p(x;)) and that belongs
to S;,. So by (28), v(t) € S;,, and we have

ti+1
oly(t) < e =0 (1)) + / 0y, u)ds.

t

Since the previous estimation is for any [ arbitrary and taking into account the fact that e~ f+1—t) <
1, for any 0 <[ < n, we obtain

tn+1
ply(to)) < e M =)o(y(t, 1)) +/ e~ U(y, u)ds,

to
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which is exactly (18), so the result follows.

Step 2. In general, the admissible trajectories may cross a stratum, infinitely many times in
arbitrary small periods of times. In order to deal with this general situation, we will use an inductive
argument in the number of strata where the trajectory can pass, let us denote this number by k.
The induction hypothesis (Py) is:

Suppose M is the union of k strata and y(s) € M for every s € (a,b), where 0 < a <
b <t then

b
o(y(a) < €Dy (b)) + / Uy, u)ds.

As shown in Step 1, the induction property holds true for the case when k = 1 because the arc
remains in only one stratum. So, let us assume that the induction hypothesis holds for some x > 1.
Let us prove it also holds for « + 1.

Suppose that for some 0 < a < b < ¢, the arc y is contained in the union of x + 1 strata on the
interval (a,b). By the stratified structure of K, we can always assume that there exists a unique
stratum of minimal dimension where the trajectory passes, we denote it by M; and by M the
union of the remaining x strata. Note that, M; C M and M is relatively open with respect to M.
Two cases have to be considered:

Case 1: If statement (i) of (H3) holds, then the map x — f(z,.4) N THB(:E) is locally Lipschitz
around M; N M because of (H3). So, by Proposition 4.3 the induction hypothesis holds.

Case 2: 1If statement (i4) of (H3) holds. Without loss of generality we can assume that
y(a),y(b) € M,;. Therefore, J = [0,t] \ J;(y) is open and so, for any € > 0 there exists a par-
tition of [0, ¢]

bp=a<a;1 <by<ar<ba<...<a, <b,<b=:anu1

such that
meas (J\ U(al,bl)> <e.
=1

with y(a;),y(b;) € J; and (a;,b;) C J forany I = 1,...,n. In particular, by the induction hypothesis
we have

b
(20) ly(ar) < e Oy () + / 0y, u)ds.

ap

Note also that

C=

(b1, v ]\ i) € T\ | (as by).
l =1

0

Whence, if we set £, = meas([b;, a;+1] \ J;(y)), we have > ;" & < e.

For sake of simplicity, assume that 7 given by Lemma 5.1 is smooth in the whole time interval
(otherwise the same analysis can be repeated in each interval where 7 is smooth). By Lemma 5.1
we have that for any [ € {0,...,n} such that b; < a;1, there exist ¢;y1 > by, amap 7 : [b;, a;41] —
[bi, ¢i41], and an admissible control @ : [b;, ¢;41] — A such that if § is the trajectory associated with
@ starting from y(b;), then

1. g(s) € M, for any s € [by, ci11].
2. g(b) = y(br) and g(ci41) = y(ai1).
3. T is piecewise smooth on [b;, a;41] with

(a) 7'(s) = Lif s € [y, ara] N Ji(y),
(b) 34, € (0,1) such that 7/(s) > §; whenever s € [by, aj41] \ Ji(y).

20



(c) 3710 = 7o(t,z) > 0 such that sup,cpp, 4,1 I7'(s)]| < 70-
4. u(7(s)) = u(s) for any s € [by, aj+1] N J;(y).

By Remark 2.1, we have 1 + |y(s)| < (1 + |z|)es for every s € [0,t], so since 7 is indeed
a trajectory of the control system starting from y(b;), we have |§(s)| < (1 + |z|)e?¢t for any
s € [by, a;1]. In particular, setting r = (1 + |x])e?*/t, we have

y(5)7g(7—(5)) € B(O,T), Vs € [blaal+1]'
Let us denote J! := [b,a;41] N Ji(y) and J' := [bj,a;41] N J. Recall that [b,a141] = J! U JL
Therefore, by assertions 3.(a) and 3.(b) we get
(30) ply(br) < e M=oy (ar) +/b ey (s), us))ds.
1

Note that by 3.(c) we have that s —e; < 7(s) < s+ &7 and

Cl+1 a1

/ UG (s), i(s))ds = / O (r(s)), A (5)))7 () ds.
bl bl

On the other hand, note that by (d), |§(7) —y| = 0 on J!. Therefore, since y and §(7) are bounded
on [by,a;41], and £ is locally Lipchitz, there exists Ly = Lg(t,2) > 0 such that

/ e [0(G(r), ()T — £y )] ds| < / Lelg(r) — | = 0.
Jt Jt

7

and by (H/), it comes that:

< 2¢0(1 + 1) 708y

/J e [E((n), ()7~ Uy, w)) ds

Thus, setting L := 2c,7o(1 + 7) we get
Cl41
/ e M 0(G(s), i(s))ds < e / e 0y, u)ds + Le;.
by Jf
Therefore, since £ > 0 and by (29) and (30) we get

aj41
o(y(b)) < <€_M“‘*1_b‘)w(y(al+1)) + / e-“ay,u)ds) ‘e,
by

b1

< el <e)\(bl+1bl)<p(y(bl+1)) +/

e Uy, u)ds) + Ley.
b

In the case b, = aj41 this inequality trivially holds by (29). So, using an inductive argument we
can prove that

by
p(y(by)) < X im0 (e“b"”“)so(y(bn)) + / “Sé(y,w‘”)

bo
n—1
ro(Faesin),

=0
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and using (30) on the interval [by,, a,+1] we get

n An41 i
P(y(bo)) < et izo (e‘”“"“‘btjw(y(anH)) + / e‘“f(y,uWS)

+ L (Z 16 Tho ) ,

=0

Finally, by the definition of by and a,,y; we finally get

b
p(y(a) < e <6‘A(”‘“)<ﬂ(y(b)) +/ e‘“f(y»u)d8> + Lee.

So, letting e — 0 we obtain the induction hypothesis for k + 1. So (18) follows easily from the
induction hypothesis and the proof is completed.

O
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